ABSTRACT
Introduction
The most commonly used construction material throughout the world is prestressed and non-prestressed steel reinforced concrete. Generally steel is very durable.
However, for structures in highly aggressive environments over long time, the protection surrounding the steel rod may break down and corrosion may take place. This may lead to cracking and spalling of the concrete and the structure will become unserviceable or unsafe [1] . In an effort to provide products that may not have the corrosion problem as steel rods, civil engineers have attempted to use fiberglass reinforced polyester rods in place of the steel rods [2] . These fiberglass reinforced polyester rods are usually made by pultrusion process where fibers impregnated with wet resins are pulled through a heated die. As these materials go through the heated die, they solidify and cure, yielding rods that are strong in the axial direction. Figure 1 shows the picture of a few of these rods. The arrival of these pultruded fiber reinforced plastic (FRP) rods have brought a lot of excitement to the civil engineering community since the early 1990s [3] . They seemed to provide answer to the corrosion of steel rods and promised to provide great savings in terms of down time required for the digging up and painting the steel rods once in a while in the field. They are also light weight (20% of the density of steels). However, as these rods were being experimented and tested, many issues came up. These are summarized as follows:
Figure 1. Fiber reinforced plastic (FRP) rebars
In order to produce rods that are low cost so that the product can be competitive with currently used steel rods, fiberglass and polyester are used. However it was found that fiberglass is attacked by alkali inherently present in the concrete [4] . The degree of attack is increased by the presence of applied stress. The promoters of these rods argue that at low stress levels, the durability of these rods can be a long time. This argument has convinced a few users of the civil infrastructures to try out these rods in some concrete structures. However this concern is always there and in order to allay this problem, a better design is necessary.
For rods made of polyester resin, it is very difficult to bend the rod due the fact that thermoset resin (polyester) cannot be deformed by heating. This creates a practical problem for field applications. Even for rods made of glass/polyester, the cost of rods is still high compared to the steel rods.
As a response to these challenges, Hoa [5] has designed a new fiber reinforced plastic rod for the reinforcement of concrete. This new rod has a wavy shape as shown in Figure 2 . It has lobes that provide positive mechanical interlock with the concrete. The advantages of this new design as compared to previous designs are presented in an accompanying paper [5] . This rod is manufactured using a different technique from pultrusion. The manufacturing technique for this rod is described in [6] .
Figure 2. A schematic of the configuration of new design
The works by Hoa [5, 6] provide the concepts and test results for the new rod, which show its potential for usage. However, the design of the rod is not optimized.
It is desirable to know what are the shape parameters for the rod that can provide high resistance to applied load. This paper presents a portion of work done on the determination of optimal parameters for wavy rods with spherical shaped lobes. [7] .
Material Properties
The materials for the reinforcing system consists of the composite and the concrete.
Concrete Properties
Concrete properties are shown in Table 1 . In addition, it is also important to consider the shrinkage of concrete. This is because the interaction between the rod and concrete comes mainly due to the compression force between the rod and concrete. This compression pressure comes from the shrinkage of concrete upon curing.
Shrinkage of concrete
When cement reacts with water part of the water is chemically combined, but the remainder dries out, causing the set cement to shrink. It is termed drying shrinkage [9] . When rebars are embedded in concrete during manufacturing, the shrinkage of concrete produces compressive stresses on the rebar. For the simulation of the interaction between rebar and concrete, this shrinkage needs to be incorporated into the model.
The chemical shrinkage of concrete can be simulated as shrinkage due to decrease in temperature. According to Carreira et al. [9] , the equivalence between chemical shrinkage and shrinkage due to temperature drop ∆T is related by the following equations (1) and (2) For a specimen with square cross section with side a, the ratio Ac/Pc is a/4. Different types of concrete with different conditions give different results. Carreira et al [9] recommended that the equivalent temperature drop for ambient relative humidity for different concretes lies within the range of 27°C to 49 °C.
Properties of composite materials
The material used for the manufacture of the modified rebar is made of carbon/nylon, a thermoplastic composite. Due to the lack of characterization data for this material, for simulation purpose, the properties of NCT 301 carbon/epoxy is used. The change in the matrix material for the composite has more influence on the ductility and environmental performance of the material rather than the elastic properties used here. The results will therefore be valid for other matrix materials.
It is assumed that all fibers in the rod are uniaxial along the length of the rod. Properties of the composites are shown in Table 2 . 
Contact elements
Microscopic observation of the interface between the composite rod and concrete shows that the interaction between concrete and composite is mainly due to friction and there is no chemical interaction. The interaction between the composite rod and concrete is mainly a contact problem. As such, the connection between the composite rod and the concrete can not be accurately modeled by rigid nodes. Contact elements need to be used. The numerical modeling of contact surfaces can be done by either the Lagrange multiplier method or the Penalty method [11] . ANSYS software uses the Augmented Lagrange multiplier method for modeling the contact situation. Figure 3 shows the finite element mesh.
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Model Dimensions
The dimensions of the model are based on samples already made for experimentation. A concrete cylinder of 33 mm radius and 110 mm in length was considered. 
Loading and Boundary conditions
Due to symmetric configuration of the system, one quarter of the system may be considered. Figure 4 shows the configuration of the model and boundary conditions.
Target 170 element
Contact 174 element For a block of concrete, shrinkage occurs more rapidly at the surface than at the center of the specimen. The shrinkage of a block of concrete therefore depends on the geometry of the specimen. Different temperature drops were tried out. It was found that if a temperature drop within the above range is used, cracking in the concrete occurs. In order to obtain a working temperature drop, a smaller value needs to be used. It was found from the calculated results that when the temperature drop is greater than 7 °C, models with different lobe radii fail due to concrete crack (Tensile or shear stresses exceed the strengths). Consequently, 7 °C drop was used to simulate the shrinkage in this study.
Modification of model to accommodate both shrinkage and mechanical loading
In the above discussion, cooling down the concrete may simulate the effect of drying shrinkage. However, during this cooling, points on the surface ABF shown in Maximum strength criteria will be used to determine failure. The stresses for each failure mode will be compared against the strengths for that mode. Table 5 shows the stress/strength ratios in concrete for the five models. Figure 7 shows the comparison chart.
Optimal Parameters for
It can also be seen from Table 5 The ratios between the stress/strength for the case where r = 6 mm is also 2. This result shows that when radius of the lobe on FRP rebar is 12mm the ratio is lowest.
One obtains again the optimal ratio: R/r = 12/6 = 2.
Similar results are also obtained for the case when r = 6.5 mm.
Conclusion
1. For spherical-shaped lobes, and for lobe radius more than 9 mm (for rod radius of 5.5 mm), the lobe radius has little influence on the tensile stresses and compressive stresses in the concrete.
2. For spherical-shaped lobes, and for lobe radius more than 10 mm (for rod radius of 5.5mm), the lobe radius has little influence on the shear stresses at the interface between rod and concrete.
3. For spherical shaped lobes, the optimal ratio is R/r = 2.
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